(Received for publication 27 June 1968) Increasing evidence indicates that initiation of an immune response often requires the cooperation of functionally different cell types. It has been suggested that the decision whether protein antigens induce an immune response or paralysis depends on whether or not they are taken up by macrophages (for review see references 1, 2).
Several antigens have been found more potent in immunization if administered in a macrophage-bound instead of a free-form (3) (4) (5) (6) . This effect is strongest for those antigens which normally require large doses for immunization; when the effect is weak, or even reversed (7) , this can be attributed to efficient phagocytosis after administration of the free form of the antigen (5, 8) . Efficient phagocytosis is not, however, the sole prerequisite for immunogenicity. Pneumococcal polysaccharides and copolymers of D-amino acids are efficiently taken up and retained by macrophages (9) (10) (11) , but nevertheless tend to induce paralysis (9, 12) .
Studies on the fate of antigen after uptake by macrophages have revealed that a small amount of material is retained in an immunogenic form over long periods, although the major part is degraded quickly and the degradation products released (13) (14) (15) . Antigen has been found within organelles which have been identified by electron microscopy as phagolysosomes (16) . Lysosomal particles from lymphatic tissue appear to be functionally heterogeneous (17) , and so the site of long-term retention may be distinct from those phagolysosomes and lysosomes in which the bulk of antigen is found shortly after uptake (18) (19) (20) .
Theories of macrophage function vary widely from those which assign to them a role of nonspecific concentration, retention, and presentation of antigen (5, 6, 21) , to those of transfer of informational RNA (22) . The present study of the intracellular fate of antigen has the aim of elucidating this role. A search is included for subcellular deficiencies in macrophages from X-irradiated donors, since these cells have been found defective in their capacity to enhance immunization by antigens which they have taken up (3, 5, 23) . Antigens labeled with ~II and ~5I have been used to compare the fate of antigen either in different populations of peritoneal exudate cells, or in the same population exposed to antigen at different times. Pulse and chase experiments of this type (24) permit
Harvesting of Peritoneal Exudate Cells (PEC)
--Animals were injected intraperitoneally with 3 ml thioglycolate medium (Difco) 3 days prior to harvesting of peritoneal exudate cells (PEC). Cells were harvested by injecting 4 ml chilled Gey's solution (1 unit heparin/ml) into the peritoneal cavity shortly before the mice were killed. A few minutes later an average of 3 ml of fluid containing cells were recovered. A cell yield of 5-10 X 106 per mouse was obtained and consisted of 70-85% macrophages.
Uptake of Antigen.--For in vivo uptake animals were injected intraperitoneally with 0.5 ml of antigen (0.1-0.5 mg/ml) in Dulbecco's phosphate buffered saline 2 hr prior to harvesting of ceils. In pulse and chase experiments differently labeled antigens were given at the times described in the Results section. For in vitro uptake, harvested cells were centrifuged at 300 g for 10 rain, and then resuspended in medium 199 at a concentration of 1 X 107 cells/ml. 5 ml aliquots were dispensed into polystyrene tissue culture dishes (Esco, 5 cm diameter), the cells were allowed to settle and adhere for 2 hr. The dishes were then swirled and medium and nonadherent cells sucked off, and immediately replaced by 2 ml medium 199 prewarmed to 37°C, containing radioactively labeled antigen. After 70 min the supernatant was again removed, and the dishes rinsed very gently with 2 ml prewarmed medium 199; the cells were then incubated with 2 ml prewarmed medium 199 containing the antigen with the second label for a further 5 or 20 min. Incubation was carried out at 37°C in an atmosphere of 5% CO2 and 95% air.
Before homogenization cells were removed from the dishes with a rubber policeman and washed by centrifugation three times in cold medium 199 and then once in cold 0.25 M sucrose.
Retention of Antigen by Cells
In Vitro.--Cells which had taken up antigen in vivo were washed three times by centrifugation, resuspended at a concentration of 1 X 107 cells/ml, and distributed into dishes; two dishes were taken for each time point. In order to prevent adherence of cells, the dishes, containing 4 ml of cell suspension, were gently swirled during incubation. Dishes were removed at intervals; the cells were washed twice and the amount of cell-bound antigen measured.
Homogenization of Cdls and Isopyenic Density Gradient Centrifugation.--Cells at a concentration of 1 X 10S/ml were homogenized in 0.25 M sucrose in a smooth-walled glass tube with a tight-fitting teflon pestle (Potter-Elvehjem) at 0°C; the pestle was moved up and down by hand for 2-rain periods, at intervals of 2 min in an ice bath between each period of homogenization. Phase contrast microscopy showed that 90-95% of the cells were broken when this procedure was used.
The cell homogenate was then placed on a 30-70% or 30-80% (w/v) linear sucrose gradient (29 ml), and centrifuged in a Spinco SW25 Rotor for 18 hr at 53,500 g. Fractions of 25 drops Immunization and Antibody T/tratgam.--Groups of six animals were injected intraperitoneally with a priming dose of c BSA or of antigen from subcellular fractions. After 18 days they received a booster dose of 100 #g BSA intraperitoneally. The animals were bled 10 days later from the median tail artery. Titration of antibodies was carried out using a modified Farr technique.
Immunoprecipitation.--Immunoprecipitation of the supematants of aliquots from sucrose gradient fractions was carried out according to standard procedures (31) with anti-BSA serum raised in rabbits.
RESULTS
Uptake of c BSA by Cdls.-- Table I animals it is 2.3 /~g/mg c BSA injected/10 s cells. The lower uptake in the irradiated animals is not significantly different at the 5 % level from the norreals. The uptake in vitro (Fig. 2) is comparable to the uptake in vivo.
Fate of c BSA Taken Up by PEC In Vitro and In Vivo.--An experiment in which cells took up c BSA in vivo and were then incubated in vitro is illustrated in Fig. 1 . Approximately 90% of the radioactivity initially present in the cells was released after 2-3 hr incubation, in a form not precipitable by TCA. No further release could be detected during a further 6 hr period of incubation, in which no appreciable cell loss occurred. Similar degradation kinetics were obtained with BSA and with BGG, and have been recorded previously with hemocya~in (15) . The experiment also shows that the retained fraction of antigen could not be diluted out with excess nonradioactive antigen, which implies that the retained material is segregated from the material which enters subsequently. Table II 
Demonstration of Turnover and Storage Comparlmenls.--The following
experiment was performed in order to identify the route taken by antigen after uptake. Two aliquots of cells were exposed to I~5I c BSA for 70 rain in vitro; a chase of 131I c BSA was then given for either 5 or 20 rain (Fig. 2) . The uptake is linearly proportional to time, confirming the impression gained from the retention data (Table II) 1811 differ over the gradient by a maximum factor of 5.5 in the 5 mAn versus 70 man experiment, and by a maximum factor of 4.3 in the 20 man versus 70 min experiment. Some radioactivity was found at the top of the gradient after phagocytosis for 70 and 20 rain, but not after 5 m/n. Approximately 50% of this radioactivity is not TCA precipitable. From this and from the time course of its appearance, the top fraction can be interpreted as intracellular degradation products which are released after homogenization. 
FIG. 4.
Sucrose gradient analysis of a pulse and chase experiment in vivo. Distribution of radioactivity in subceUular fractions on a 30-80% sucrose gradient, lslI c BSA was given at --72 hr, followed by 1~I c BSA at --2 hr.
In order to explore longer term retention, a similar experiment was performed in vivo. Mice were injected intraperitoneally with 3 ml thioglycolate medium at day --6, 100 #c mIc BSA at --72 hr, and 10 #c of ~5I c BSA at --2 hr. At time 0 hr PEC were harvested, homogenized, and analyzed in a sucrose gradient (Fig. 4) . Most of the IslI label persisting after 72 hr is found in the 1.26 fraction. The maximum difference in the ~sI/lSlI ratio over the gradient is 20-to 30-fold. There is a slight discrepancy in the density distribution of the 2 hr label between this last experiment and the in vitro experiment described in Fig. 3 , attributed perhaps to the difference in timing of the thioglycolate treatment. The density 1.26 storage compartment and the density 1.19 turnover compartment could still be identified.
The subceUular distribution of antigen in cells from animals which received a dose of either 1/zg c BSA or 1000/zg, has also been compared. The input ratio of ~sI/mI was 0.44 and the ratio of the fractions varied by a maximum of 11% from this value. The lack of saturation over the dose range from 1-1000 #g suggests that natural antibodies do not play a role in transferring or holding c BSA in the storage compartment. sucrose gradient. The fraction number is given on the abscissa. Fraction I is the bottom fraction. Bottom: aliquots of fractions (0.1 ml diluted 1:5 in borate buffer pH 8.4, 3% Triton X100) were centrifuged at 2500 g for 30 rain. Radioactivity in sediment was determined and expressed in per cent counts per minute of total radioactivity in the aliquot. Two parallel determinations (O O, • •). Top: the radioactivity in the supematants in one of the parallel samples was precipitated with 5% TCA (final volume 0.8 ml), and TCA-precipitable (0 •) and nonprecipitable (A A) radioactivity was determined. The radioactivity in the supematants of the other parallel sample was precipitated with rabbit anti-BSA antiserum and precipitable (O O) and nonprecipitable (A A) radioactivity was determined. Reaction mixture consisted of 0.1 ml fraction aliquot, 0.4 ml borate buffer, 25 ~g cold BSA in 0.01 ml, 0.3 ml rabbit anti-BSA antiserum 1/10 diluted, and was kept at 4°(2 for 15 hr. Radioactivity in precipitates was determined and expressed in per cent counts per minutes of total radioactivity in aliquot. Ckaracterization of tke Radioactivity Retained in tke Sucrose Gradient Fract/ons.--Cells containing c BSA and treated with 3% Triton X100 for 30 rain release 45-55 % of the radioactivity. The residual radioactivity can be sedimented with cell debris by centrifugafion at 2500 g for 30 rain. The same result was found for flagella antigen in lymphoid tissues of rats (32) . Among the fractions of the sucrose gradient the solubility of the radioactivity after treatment with Triton X100 varies greatly (Fig. 5) of the radioactivity found in the three upper fractions of the gradient, most of the radioactivity remaining in the supernatant after centrifugation can be precipitated with 5 % TCA and anti-BSA serum. Aliquots of the 1.26 fraction from a different experiment were treated with urea and several detergents. It can be seen in Table III that only SDS solubilizes the radioactivity to an appreciable extent.
The data show that it is predominantly the antigen in the storage compartment which resists solubilization, indicating a special binding which was already suggested from the "wash-out" experiments (Fig. 1) . Attempts to Immunize Mice with Antigen from Subcellular Fractions.--We have tried to prime animals with antigen from subcellular fractions and have measured the ability of animals injected with these fractions to respond to a subsequent booster dose of 100 #g of BSA; a single injection of 100 #g BSA into normal CBA mice does not induce any detectable antibody formation (30) . Fig. 6 shows the dose-response curve of control animals for a 10-1000 #g priming dose of c BSA. The experimental animals received 1, 10, or 100 #g c BSA from pooled subcellular fractions, the density range of which is included in Table IV . The amount of antigen injected was calculated on the basis of the radioactivity found in the fractions. Even a dose of 100 #g of antigen from the subceUular fractions failed to prime the animals to any significant extent. The antibody titer was within the range one would expect from controls receiving only 10-50 #g c BSA priming dose.
Further Studies on the Storage Compartment: the Effect of X-Irradiation on the
Intracdlular Fate of c BSA.--The following experiments were designed to test whether any alteration in the handling of antigen by macrophages can be detected after X-irradiation of the cell donors. Animals to be used as controls received thioglycolate at day -3 and were injected with c BSA 2 hr before they were killed. Experimental animals also received thioglycolate at day --3, and were X-irradiated at day -2 (5). They received c BSA labeled with the alternative isotope 2 hr before being killed. The uptake of c BSA by the ceils from irradiated donors is shown in Table I . The cells were washed separately and were pooled shortly before homogenization. The method of detection of differences between normal and irradiated cells was again an alteration in the 1'61/181I ratio within the fractions of subcellular particles from sucrose gradients. A dose of 600 r at day -2 does not alter the intracellular distribution of antigen as compared with the controls: the input ratio of 131I/~5I (as it is expressed in this experiment) is 1.5, and the ratios of the single fractions lie within 4-13% of that value (Fig. 7) . However, preirradiation with 900 r does change the subcellular distribution of antigen (Fig. 8) . In this experiment nonirradiated animals received ~5I c BSA, and X-irradiated animals received 181i c BSA. The ratio in the fractions of the gradient varies by a factor of 3, the highest ratio of ~51/131I being found at a density of 1.26, whereas the ratio in the fractions in the 1.19 region corresponds to the input ratio. It is interesting to note that the radioactivity found in normal cells in the dense fractions in which the ratio of u~I/1alI is increased amounts to 7.9%. This figure corresponds well with the 10% of antigen which is retained in the storage compartment.
An experiment similar to the one shown in Fig. 8 is shown in Fig. 9 , with the labels reversed. The ratio of ~I/1~1I varies by a factor of 2.7 over the gradient and the lowest ~sI/18iI ratio is found in the 1.26 region, showing that the ratio alteration is not an artefact introduced by the particular isotopes used. Enzymes.--Fig. 9 shows the distribution of acid phosphatase and fl-glucuronidase within a sucrose gradient. Acid phosphatase is distributed under two major peaks of densities: 1.15 and 1.19. fl-Glucuronidase is only found in the 1.15 fraction. This restriction of/3-glucuronidase has not been found in lymph node (20) or spleen homogenates (33) .
Characterization of the Subcellular Fractions: Distribution of Lysosomal
Some acid phosphatase activity always appears in the 1.26 fractions. In the experiment in Fig. 9 there are only trance amounts; in experiments not described in detail here up to 20% of the enzyme activity has been found as a peak in the 1.26 fraction. In this case,/3-glucuronidase was also found. The distribution of the lysosomal enzymes in the 1.26 fraction showed no consistent pattern, whereas their distribution in the 1.19 and 1.15 fractions was consistent throughout the experiments. The 1.26 storage compartment is associated in the sucrose gradient with the nuclear fraction but it also contains vesicles visible under the electron microscope, so it is by no means a homogeneous fraction. However, it cannot be composed of a small fraction of unbroken cells since after treatment with Triton X100 much less c BSA is released from the 1.26 fraction than from whole cells.
The Intracellular Fate of ~-TGA and z-TG after Uptake by PEC.--D-TGA is
a synthetic polypeptide with defined ~mmunological and metabolic properties (11, 12) . Its chief metabolic characteristic is that it is degraded very slowly in the body. Table V A group of animals received x~sI D-TGA intraperitoneally 2 hr before being killed. To a control group 131I c BSA was given at the same time. The PEC from the two groups were harvested, washed separately, and mixed shortly before homogenization. The distribution of the c BSA is the usual one with material in the 1.19 and 1.26 fraction. D-TGA in addition to being present in the 1.26 fraction is found mostly in a fraction with density 1.15, with some radioactivity in the 1.19 region (Fig. 11) . (In a separate control experiment performed with free D-TGA up to 90% of the material could be recovered from the top two fractions of the gradient. Free D-TGA does not move into the 1. In a pulse and chase experiment in vitro similar to the one described for c BSA in Fig. 2 , the intracellular fate of 9-TGA was further analyzed (Fig. 12) . Aliquots of cells adhering to glass were allowed to take up 1251 D-TGA for 70 min. Then free 1251 D-TGA was removed with the supernatant and after rinsing, m I D-TGA containing medium was given to the cells for 5 or 20 min respectively. The analysis of the distribution of ~q long-term label and the chase ml D-TGA label by comparing the ~I / m I ratio in the subcellular fractions in the sucrose gradient showed three interesting features: (a) long-term material is enriched in the 1.26 fraction; (b) more long-term label than chase label is found in the 1.19 fraction, though the total amount of radioactivity is still F~G. 12. Sucrose gradient analysis of a pulse and chase experiment similar to the one in Fig. 3 , with D-TGA as the antigen studied. Ratio 1~I/181I (large circles); refractive index (small circles).
small compared to the amount in the 1.15 fraction; (c) "short-term" material used for the chase is found preferentially in the 1.15 region.
In another experiment the subcellular distribution of ~25I D-TGA was compared with the synthetic polypeptide ~1I I.-TG. Cells from two different groups of animals injected with the two polypeptides, were pooled shortly before homogenization. Both polypeptides were mainly retained in the 1.15 fraction; the input ratio of ~sI/131I was 3.09 and the deviation from this value among the single fractions was within 4-6%.
The experiments described in this section demonstrate that the 1.15 fraction is the compartment which contains the bulk of cell-associated polypeptide material, and that the 1.26 storage compartment exists for proteins and polypeptides.
DISCUSSION
The interpretation of results obtained by the methods employed in the study are open to question in several ways. The validity of an external iodine label for antigen has been discussed in previous work (34, 35) . The objection is largely answered here by the observation that the radioactivity in the cell fractions of critical interest can be precipitated, with fair efficiency, by specific antiserum. A second question concerns the distribution of antigen between cells. Some of the observed differences in localization may be attributable to cellular heterogeneity, although previous work with hemocyanin has shown that the majority of peritoneal macrophages retain the foreign protein (15) . Differential susceptibility to homogenization might also be invoked to account for the observed differences, but the consistency found after different pretreatments of the cells does not support this possibility. The 1.19 density compartment has the density and acid phosphatase content characteristic of lysosomes. During phagocytosis 90% of c BSA, BSA, or BGG are found in this compartment. The antigens are not retained there for long, but are degraded with a half-life of less than 1 hr. In this respect the present work confirms previous findings with other proteins (14, 15) . The synthetic polypeptides localized in a lysosomal fraction of a density 1.15. This adds a further example of functional heterogeneity of lysosomal particles of different density from those already described (17, 36) . The difference can hardly be attributed merely to size, since the polypeptides have a molecular weight about one-third that of BSA. The possibility that the 1.15 and 1.19 compartments may belong to different cells must be kept in mind (17) , although there is no doubt that the cells which take up D-TGA are macrophages (11) . The observation that at least some of the D-TGA reaches the 1.19 compartment after prolonged phagocytosis might argue that the 1.15 compartment lies in the pathway to the 1.19 compartment. According to this interpretation D-TGA simply demonstrates an intermediate step in the phagocytosis of proteins.
Storage of antigen apparently occurs in a separate compartment, of density 1.26. The nature of this compartment is not dear. It is associated with nuclei, and previous work has shown that antigens become associated in this way. Bowers and de Duve (17) found dextran in the nuclear fraction after uptake by spleen cells, and the amount of flagela in the nuclear fraction of rat lymph node or spleen ceils slowly increases from 15 to 25 % over a period of 1 day to 2 months after injection (37) . Lysosomes have been found in nuclear fractious (17) , and lysosomal enzymes were found during the present work in the storage compartment to a variable extent. However, the antigen in the storage compartment did not behave as though enclosed in lysosomal vesicles: it is more strongly bound to particles than is the antigen in the 1.19 lysosomal fraction, and most of it is irreversibly attached and protected from degradation.
Two lines of evidence suggest that the 90% of antigen in the lysosomal compartment is not directly involved in immunization. Proteins in this compartment have a short half-life and are degraded into amino acids (14) ; for hemocyanin it has been shown that only 10% of antigen taken up by macrophages is immunogenic (15) , which is in agreement with the present figures for distribution of antigen between turnover and storage compartment. Immunogenicity of antigen taken up by macrophages persists (15) and in our experiments the retained antigen is found in the storage compartment. Therefore, it is possible that the deficiency in the storage compartment of X-irradiated macrophages is related to the incapacity of these cells to mediate an immune response (3, 5, 23) . The loss of this macrophage function might be due to damage to the process which brings antigen into the storage compartment or retains it there for the induction of an immune response. An alternative explanation for the deficiency in the storage compartment is that X-irradiation causes labilization of this compartment towards mechanical shearing during homogenization.
Macrophage-enclosed BSA has greater immunogenic capacity in syngeneic than in aUogeneic transfers. Furthermore, heat inactivation of the cells abolishes the effect, thus suggesting that the cooperation of the living cell is needed (5) . It is consistent with these data that none of the subcellular fractions tested in immunization experiments showed any enhanced immunogenicity.
The observation that antigens can be located in different compartments should be considered in connection with the three functions possibly performed by macrophages. (a) They handle antigen and retain it in an immunogenic state (5, 13, 15, 22) ; (b) they are efficient and fast transporters of antigen through the body (38, 39) ; (c) they remove free antigen from the circulation (11, 25) . If the action of antigen is really a function of macrophage intervention, then the immunogenicity of an antigen is not only dependent on how much is stored or processed in an appropriate form and transported to antigen sensitive cells, but also on the amount and speed with which potentially tolerogenic material is degraded. Thus the macrophage would contribute to this balancing mechanism. One place for degradation is the 1.19 lysosomal compartment with the 1.15 compartment playing a subsidiary role. Antigens may be in the 1.15 compartment because they resist degradation to a greater extent than does c BSA, or alternatively these antigens may resist degradation to a greater extent because they are not transported into the 1.19 turnover compartment. The combined evidence of studies on the metabolic fate of D-TGA in this and a previous study (11) makes it seem likely that the 1.15 compartment can excrete undegraded antigen into the tolerogenic pool. In this context, it is clear that elucidation of the roles of the 1.19 and 1.15 compartments will be important.
SU~rM4_RY
The intracellular fate of phagocytosed antigens in cells from peritoneal exudate in CBA mice has been studied by using ~I and ~1I labeled antigens. Mter uptake of labeled antigen, cells were homogenized and the subcellular fractions were analyzed by isopycnic centrifugation in a sucrose gradient.
The uptake of heat-denatured BSA (c BSA) by these cells in vivo is 3.5 /zg/mg c BSA injected/108 cells. The uptake by cells in animals which were exposed 2 days earlier to 900 r whole body irradiation is slightly lower but does not differ significantly. 90% of the phagocytosed material is degraded within 2-3 hr, the residual 10% is retained at least over an 8 hr periods. Using a pulse and chase technique, with ~5I and 131I c BSA in vitro and in vivo it was shown that newly phagocytosed antigen is found mainly in a lysosomal turnover compartment of a density 1.19 g cm -3. Antigen which has been in the cells for longer was found in a denser fraction (1.26 g cm-3). In a comparison of nhrmal and X-irradiated cells it can be shown that after irradiation with 900 r less c BSA is found in this storage compartment.
Binding of the antigen to the subcellular fractions, and its behavior towards several detergents has been studied. SubceUular fractions do not have the increased immunogenic capacity of antigen enclosed in living macrophages.
Two synthetic polypeptide antigens, poly(D-Tyr, D-Glu, D-Ala) and poly-(L-Tyr, L-Glu) have a different subcellular distribution from c BSA, BSA, or bovine gamma globulin. Apart from also being found in the 1.26 storage compartment the polypeptide antigens are mainly located in a 1.15 compartment and only to a small extent in the 1.19 compartment. The half-life of these antigens in the cells is much longer than the half-life of the protein antigens studied.
The finding of several subcellular compartments is discussed in connection with the functions possibly performed by macrophages.
